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ABSTRACT

Observations of the icy Galilean satellites from both spacecraft and
groundbased tel escopes have been fit to radiative transfer models describing the
surfaces in terns of their roughness, conpaction state, and single particle phase
function and albedo. The microscopically rough nature of Ganymede and Callisto

is simlar to the Mon's, while Europa is significantly snoother. The sharply
peaked opposition surge on Europa may be due to an extrenely unconpacted upper
regolith, However, if’ the peak is attributed to coherent backscatter, its

surface may be the npbst conpacted of the Galilean satellites. The conpaction
state of Callisto is simlar to that of the Mon, while Ganynede’s surface is
nore conpacted. Callisto and possibly Europa exhibit textural differences in
their leading and trailing hem spheres. This dichotony is due to enhanced
erosion by neteorites on the |eading side.



I. | NTRODUCTI ON

Photonetry is the quantitative neasurenent of reflected or emtted light.
During the past 15 years, photonetry of planetary surfaces has expanded as a
field of study because of advances in radiative transfer theory and because of
the acquisition of radiometrically calibrated observations from spacecraft. The
classical study on radiative transfer by Chandrasekhar (1960) has been extended
to planetary surfaces of arbitrary albedo (Hapke, 1981, 1984, 1986; Lume and
Bowell , 1981; Goguen, 1981), and to the radiative properties of optically thin

at nospheres overlying planetary surfaces (Arvidson et al. , 1989; Hillier et al. ,
1990) . By fitting these radiative transfer models to both spacecraft
nmeasurenments and groundbased observations, investigators have been able to

understand the surface properties of a wide variety of celestial bodies,
including the Galilean satellites (Burst-ti, 1985, 1991; Helfenstein, 1986;
Domi ngue et al., 1991).

In classical astronony, photonetry was used to conpare the color and
bri ghtness of spatially unresolved objects and to seek tenporal variations in
these quantities on individual objects. With the advent of spacecraft
observations , the uses of photonetry were extended twofold. First, photonetric
nodeling allowed the construction of quantitative maps of normal reflectance.
In any given spacecraft image, nost of the variation in intensity is due to the
changi ng incident, and enmergent angles of the radiation: by npdeling the reflected
radiation as a function of these changing viewi ng angles, the intrinsic changes
in reflectance can be derived and mapped. A wi de range of geophysical problens
has been studied with such maps and the information they contain. For the icy
Galilean satellites, such maps have been used to derive a quantitative

distribution of frost deposits (Johnson et al., 1981); to understand the origin
of dark-ray and dark-floor craters on Ganynede (Schenk and McKinnon, 1991) ; to
acconpl i sh photoclinometric studies (Squyres, 1981) ; to understand geol ogic
processes (Buratti and Golombek, 1988); and to understand magnetospheric
interactions with the surfaces (McEwen, 1986; Nelson et al. , 1986; Sack et al.,
1992) .

The second new area of research enabled by spacecraft photonetry is the
derivation of disk-resolved physical parameters from the inproved theoretical
mdels . These nodels express the radiation reflected fromthe surface in terns
of the followi ng physical paraneters: the single scattering albedo, the single
particle phase function, the conpaction properties of the optically active
portion of the regolith, and the scale and extent of mcroscopically rough
surface features. For the icy Galilean satellites, the results from these
efforts have enhanced our understanding of magnetospheric and mcronmeteoritic

3




alteration processes (Buratti et al. , 1988; Buratti, 1991; Calvin and C ark
1993; Domingue et al. 1991) and geologic histories (Helfenstein, 1986; Buratti
and Golombek, 1988; Dom ngue and Hapke, 1992).

1. PHOTOVETRI C MODELS

For a cloud of particles with the single scattering albedo (W) |ow enough
that multiple scattering can be neglected, the scattered intensity can be witten
(Chandr asekhar, 1960):

=D w_B
I(p,p,, a)=FP(a) ey (1)

where ¢ and u are the cosines of the incidence (i) and em ssion (e) angles (see
Figure 01), a is the solar phase angle, =F is the plane parallel incident solar
flux (at i=0°), and P(a) is the phase function of a single particle. The single
scattering albedo is defined by

w=_1 [ P(cos8)dQ (2)
4 Jan
where O = a - 180° and da is an el ement of solid angle. The phase function is
a mat hematical description of howthe intensity of reflected |ight depends on the
scattering direction. It is an indicator of the physical character of individua
particles in the upper regolith, including their size and size distribution,
shape, and optical constants. Smal |l or transparent particles tend to be nore

isotropically scattering because photons survive to be nultiply scattered
forward scattering occurs when photons exit particles in the direction away from
the |ight source. One sinple representation of the single particle phase
function is the Henyey-Geenstein equation, originally used to describe dust
particles in the interstellar medium (Henyey and Greenstein, 1941):

- -2

P(cosB, 9)= R 3
(cos (1+gz—2gcose)3/2 (3)

where g = <cosB> and ranges from -1, which is pure backscattering to g = +1,
which is pure forward scattering (g = Ois isotropic scattering). Doubl e- | obed
Henyey- Greenstein functions (Dom ngue et al. , 1991) have been utilized for
Europa, while a second-order Legendre polynonial has been used to describe the
single particle phase function of Ganynede (Hel{fenstein, 1986)

It has been found repeatedly that eqt. (1) can be applied successfully to
photometric observations of dark surfaces, including the Mon (Hapke, 1966),
Mercury (Hapke, 1977), Mars and its noons (Noland, 1975), and Ganynede and
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at small solar phase angles (. 120) are inmportant for determ ning the conpaction
state of the regolith and observing coherent backscatter, whereas spacecraft
observations are essential for determ ning the macroscopically rough nature of
the surface.

For surfaces with normal reflectance greater than 0.6, multiple scattering
can no |longer be neglected in nodeling the photometric properties of the surface
(Buratti, 1984). The first celestial planetary surface for which eqt. (1) was
shown to be inadequate was Europa (Buratti and Veverka, 1983). Al t hough hi gh
albedo surfaces in the lab and fresh terrestrial snow scatter radiation
approxi mately according to Lambert’s law (I ~ Fu ), the surface of Europa (and
ot her planetary surfaces that are even brighter, such as Enceladus) cannot be
described by this function. To adequately describe the contribution of multiply
scattered photons, one mght consider a sem-infinite layer of individual
isotropically scattering particles. For this case, the reflected intensity is
gi ven by Chandrasekhar (1960):

T(p,p)=FY—B_g(u)H(p,) 5
HoBy) rRTET p)H(R, (5)
where the Hfunctions are given in Table Il of Chandrasekhar. For non-isotropic

particles, an approximte extension of eqt.5 is given by (Hapke, 1981, 1984,
1986; Goguen, 1981):

I,y ) =FY P lsa) pla) +H(p) H(p,) ~1R (1, By, @) (6)

4 ptp,

where S(a) is a function describing the opposition effect, and R(x,u ,a) 1is a
function describing the effects of nacroscopic roughness. This equation is
derived under the assunption that radiation which is nmultiply scattered is
i sotropic. The effects of roughness, however, apply to both singly and multiply
scattered photons (although current roughness nopdels neglect the partia

illumnation of primary shadows by multiply scattered photons) .

A useful photonetric function representing & conbination of eqt.1l (the so-
called "Lommel-Seeliger or lunar scattering |law) and Lambert’'s law is given by

I(p, by, ) =F(A—E"(a) +(1-2) p ) R(p, p,, ) 7
o Ty p (7)

where A is a termdescribing the fraction of light that is nultiply scattered
(A=1 corresponds to pure single scattering). In this interpretation, the singly
scattered radiation is described by the first term and the nmultiply scattered
radi ation is described by the second term Al t hough this equation cannot be

e 6



derived rigorously, Goguen (1981) has shown that it is a valid approxination to
eqt. (6), except for extreme values of g and . It has proven useful in
describing the photometric properties of Europa (Buratti and Veverka, 1983) and
the bright satellites of Saturn (Buratti and Veverka, 1984).

It is inmportant to note that no planetary surface, even that of Enceladus
with a geonetric albedo of "1, approximtes a Lanbert. scatterer. It is
incorrect to nodel a planetary surface by Lambert’s law for any application
what soever.

‘1" he acquisition of spacecraft inmages has enabl ed extensive photonetric
nodel i ng of disk-resolved planetary surfaces. Di sk-integrated neasurenents
(primarily Earth-based) continue to be useful because they offer constraints of
fits to photometric nodels, and because they provide global descriptions of
photonetric properties. Furthernore , spacecraft images give only a snapshot in
time, have limted spectral coverage, and are often restricted to specific
viewing geonetries (Voyager observations, for exanple, are lackingin

observations at small solar phase angles). The primary disk integrated
paraneters are the disk-integrated brightness with respect to solar phase angle
(from which the comonly quoted phase coefficient is derived), the disk

integrated brightness with respect to orbital phase angle (from which
| ongi tudi nal inhonmogeneities in albedo and col or can be observed), the geonetric
albedo, the phase integral, and the Bond albedo. The geonetric albedo (p) is the
ratio of the flux received froma reflecting body at a solar phase angle of Oto
the flux expected by a perfectly diffusing disk of the sane cross-sectional area

in the sane geonetry. The phase integral, defined by
q=2fn¢(a)sinada (8)
0
where #(e¢) is the disk-integrated brightness, describes the directiona
scattering properties of the object. ‘1" he Bond albedo is defined by A, = p'q.

A summary of the disk-int:egrat.ed properties of the icy Galilean satellites is
listed in Table 1.

111, SUMVARY OF SURFACE PROPERTIES DERI VED FROM PHOTOVETRI C MODELS

In summary, the paraneters to be fit to photonmetric observations of the icy
Galilean satellites are: w, the single scattering albedo; g, the asymetry factor
expressing the average directional scattering properties of the particles; 6, the
average sl ope angle of the surface; and the fraction of the optically active
portion of the regolith occupied by particles. The |ast paraneter depends on the
particle size distribution, which is unknown for the icy Galilean satellites,
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al though reasonabl e assunptions can be nade. Table Il provides a summary of the
surface properties derived from photonetric nodels for the leading and trailing
hem spheres of Europa, Ganynrede and Callisto.

A, Europa. Europa was the first Galilean satellite to be fit to a
photonetric nodel describing the surface in ternms of physical paraneters
(Buratti, 1985). This early work showed that the surface properties of Europa
were nmarkedly different from those exhibited by other regoliths, both icy and
rocky. Europa was shown to have a nmuch nore conpacted surf-ace, a smaller slope
angle (-230), and a nore isotropic phase function than the Moon or the bright icy

satellites of Saturn. Analysis of observations from the International
Utraviolet Explorer (IUE) satellite confirmed that Europa’ s surface is nore
conpacted than the other Galilean satellites (Buratti et al. , 1988). The |eading

side of Europa was shown to |ack an opposition surge and to be nmuch nore conpact
(25% void space) than the trailing side ('79% void space), for which an
opposition surge was observed. Later analysis of Europa's surface based on
ground- based visible observations obtained by Lockwood and Thonmpson (1992) ,
i ncluding some at very snall solar phase angles, showed that both the |eading and
trailing sides of Europa had very fluffy surfaces ('96% void space) simlar to
terrestrial powdery snow (Domingue et al. , 1991 ; see Table 11 and Figure 2).
‘I"his interpretation assumed that the particle size distribution for Europa was
simlar to that of the Mon, and that the large opposition spi ke observed at «
< 1° was due to the disappearance of nutual shadows cast anong surficial
particles. Anot her interpretation is that the surge is due to coherent
backscatter of nmultiply scattered photons from Kuropa's surface (Hapke, 1990),
in which case the surface of Europa could still be conpacted (the exact
rel ati onship between surficial conpaction and the width of an opposition surge
due to coherent backscatter is not yet well-understood). A study of Europa’'s
individual terrains showed that the only significant difference in their
scattering properties was contained in the single scattering albedo (Domi ngue and
Hapke, 1992). This difference was attributed to the addition of internal
scatterers and associ ated darkening with increased exposure to magnetospheric ion
bonbar dnent . The other significant spatial difference for Europa's surface is
an increased backscattered conponent in the single particle phase function for
the | eadi ng heni sphere (Domingue et al. , 1991).

B. Ganywmcde. In the first analysis of Voyager images of Ganynede and
Callisto, Squyres and Veverka (1981) showed that the surfaces of these two bodies
scattered light according to eqt. (I). In the first analysis of these images in
ternms of the physical paranmeters entailed in eqt. (6), Helfenstein (1986) clained
that there existed significant differences in the average properties of
Ganynede’s two major terrains, the grooved terrain and the dark, cratered
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terrain. Specifically, the cratered terrain was distinguished by:1) a | ower
single scattering albedo; 2) a larger average tilt angle; 3) a nore isotropic
single particle phase function; and 4) a nore conpacted surface. The hi gher
state of conpaction for the cratered (presumably older) terrain suggested the
devel opnent of dark lag deposits resulting from regolith devo].atization and ice
wel di ng of silicates. The | ess conpacted nature of the brighter terrains
suggested the growth of ice crystals at the surface. IUE observations suggested
that the fraction of void space in Ganynmede’s regolith was ‘-83% I|ess than that
of the other icy Galilean satellites (if one assumes that Europa’s sharply peaked
opposition surge is due to the effects of shadowing; see Section 1V). An
analysis of a conbined data set of Voyager and ground-based measurenents
(Buratti, 1991) showed that there existedno differences between the |eading and
trailing hem spheres in surficial conpaction, roughness, or the single particle
phase functi on. In an application of photonetric theory entailing a two-|ayer
nmodel, Hillier et al. (1994) produced a best-fit result showing that the polar
caps of Ganynmede consist of. relatively clean, thin (70.2, wth a physica

thickness of 1 nmor less), transparent frost with a single scattering albedo of
“0.99 and a Henyey-Greenstein g=-0.33. The high single scattering albedo and
thi nness of the polar frost suggests that. they are the result of an ongoing
deposition of sputtering products. This work also offered evidence that the
roughness of the cratered terrain and the younger grooved terrain was not
significantly different.

C. Callisto. Even before the Voyager encounter, telescopic observations of
Callisto showed the | eading side had a neasurably | arger opposition surge than
the trailing side (Blanco and Catalano, 1974; Mnis ancl Thonpson, 1975). In
an anal ysi s combi ning both ground-based and Voyager observations, Buratti (1991)
showed that not only was the upper regolith of the trailing side of Callisto nore

conpacted, it scattered radiation nore isotropically and was |ess rough (see
Tabl e I1 and Figure 3). Thi s hem spheric dichotony was explained in terns of
enhanced microneteoritic erosion on the leading side. An analysis of the

spectrum of Callisto between 2.0 and 2.5 gm suggested that the surface of the
trailing hem sphere contained larger ice grain sizes (Calvin and dark, 1993),
whi ch woul d be expected if micrometeoritic comminution processes were mnimzed

on this hem sphere.
IV. SUMVARY AND DI SCUSSI ON

Photonetric nodels describing the physical properties of the optically
active portion of planetary surfaces have been fit to the wealth of spacecraft
observations obtained during the last 15 years. For the icy Galilean satellites
these results have led to the derivation of surficial physical properties
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including the conpaction state of the upper regolith, the roughness of the
surface , and the single particle albedo and phase function. One general result
is that some icy satellites, including Ganymede and Callisto, have regoliths with
texture and roughness sinilar to that of the Mwon, even though their surfaces
consist mainly of water ice rather than rocky material. This simlarity means
that the erosional processes that determine the structural properties of
regoliths (primarily meteoritic and magnetospheric bonbardnent) have conparable
effects on icy and rocky bodies.

‘1" he conpaction states of the regoliths of the icy Galilean satellites show
significant differences. In general, Callisto is the npbst. tenuous, with void
spaces of ‘90% This result is consistent with an increased exposure tinme to
nmeteoritic bombardment on Callisto’s prinordial surface. Callisto’s |eading side
is more conpacted than the trailing side; again this difference can be attributed
to enhanced microneteoritic erosion. Europa’ s phase curve between 1° and 40° is
very flat (Buratti and Veverka, 1983; Domingue et al., 1991) , which suggests its
regolith is extrenely conpacted. However, recent telescopic observations by
Lockwood and Thonpson (1992) reveal a sharply peaked opposition surge bel ow 1°:
if this effect is due to shadow hiding it would imply a very fluffy surface, wth
voi d space of ~96% G ven the overall flatness of Europa's phase curve, it is
nore likely that the surge is caused by an optical phenonenon such as coherent
backscatter (Hapke, 1990)

In general, the single particle phase functions of the Galilean satellites
are nore backscattering than terrestrial ice and snow. Verbiscer et al, (1990)
suggest that the ice itself - and not the opaque material - is backscattering,
and that the way the ice is organized in conglonerations may be the key property.
Both Callisto and Europa show neasurable differences in this paranmeter for their
leading and trailing hem spheres , The leading henispheres are nore
backscattering for both bodies; in both cases the difference can be attributed
to enhanced neteoritic erosion on the |eading side.

O the Galilean satellites, Europa has the snpothest surface, with nean

sl ope angles of only ‘10 degrees (Buratti, 1985; Domingue et al.. , 1991, Domi ngue
and Hapke, 1992). Because photonetric nodeling “sees” surface facets snaller
than the spatial resolution of the detector, this result nmeans Europa is snmooth
down to the smallest features, which are represented by clumps of particles. The
hi ghest resol ution Voyager inmages show m nimal topography at scales of a few
kiloneters; the highest features (the scalloped ridges) are only a few hundred
neters (Lucchitta and Soderblom, 1982) . Al these lines of evidence point to a
recent resurfacing event on Europa. The nean slope angle for Ganynmede and
Callisto is about '30 degrees, simlar to that of the Moon (Helfenstein, 1986;
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Buratti, 1991). Significant spatial differences exist: Helfenstein (1986) found
that Ganynede’'s dark cratered terrain was rougher than the grooved terrain, and
Buratti (1991) showed that the |eading side of Callisto was rougher than the
trailing side, again perhaps as the result of enhanced meteoritic erosion,

Two maj or concerns involving photometric nodeling exist: the uniqueness of
the solutions, and their simlarity to the actual physical conditions of the
surface. The degree of wuniqueness is primarily a matter of obtaining
observations over a full range of view ng geonetries, Helfenstein et al. (1988)
identified specific ranges of geonetries over which the first derivative of the
various paraneters changes rapidly: it is observations in these ranges that are
crucial to attaining uniqueness. Buratti (1985; 1991) and Domi ngue et al.,
(1991) showed that disk- integrated observations , when conbined with di sk resol ved
neasurenents , can elimnate certain sets of solutions.

Because of the many sinplifying assunptions that have gone into the nodels,
the results may not be physically real. These assunptions include spherical
particles, sinple particle phase functions, and ideally shaped rough features.
In a nore exact radiative transfer calculation of the single particle phase
function, Mishchenko (1994) has shown that the phase functions of planetary
surfaces may in fact be forward scattering. On the other hand, Goguen (1993) has
shown that if one relaxes the assunption of isotropy for nmultiply scattered
phot ons, the backward scattered intensity increases . Undoubtedly, nore
physically realistic descriptions of planetary surfaces will energe as efforts
at theoretical nodeling progress. At this tine, it is nost useful if one thinks
of the paraneters listed in Table Il as nodel paraneters revealing simlarities
and differences in the structure of planetary surfaces.
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TABLE | - Hem sPHERI| ¢ Di SK- | NTEGRATED

SATELLI TES (0.47 gm)

PHOTOMETRI C PROPERTI ES OF THE

ICY GALILEAN

Geonetric Phase Bond
Satellite albedo i ntegral albedo Source
Europa (L) 0.92 (D
Europa (T) 0.71 "
Europa (integral) 1.09 + 0. 11 0.62 ¢+ 0.14 (2)
Ganynede (L) 0.46 + 0.05 (3)
Ganynede (T) 0.43 ¢+ 0.05 “
Ganynede (integral) 0.78 : 0.06 0.35 i 0.03 "
callisto (L) 0.23 & 0.02 (3)
Callisto (T) 0.20 + 0.02 u
Callisto (integral) 0.51 + 0.06 0.11 i 0.02 u

L- =Leadi ng henisphere; T--trailing hem sphere

(1) Domingue et al., 1991

(2) Buratti and Veverka, 1983

(3) Buratti, 1991

15




TABLE 11 - SUMMARY OF PHOTOVETRIC SURFACE PROPERTIES OF THE ICY GALILEAN
SATELLI TES (0.47 um)

Single scattering Slope angle

Satellite albedo (W) e (degrees) g % voi d space Sour ce
Europa (L) 0.92 10 -0.43; 0.079% 96 (1)
Europa (T) 0. 90 10 -0.43; 0.287% 96 "
Ganynede (L) 0.82 + 0.03 -0,20 i 0,04 80 (2)
Ganynede (T) 0.78 ¢+ 0.03 29 ¢+ 2 -0.21 + 0.04 80 "
Callisto (L) 0,43 : 0.03 36 ¢+ 3 -0.23 i 0.02 92 (2)
Callisto (T) 0,45 2+ 0.03 29* 3 -0.17 i 0.02 88 "

¥Two-component Henyey- Greenstein phase function
(1) Dom ngue et al., 1991
(2) Buratti, 1991
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FI GURE CAPTI ONS
1. Photonetric geonetry on a sphere, showi ng the followi ng angles: the radiance
incident (i) and enmission (e¢) angles, the sclar phase angle (a), andthe

photonetric latitude (¥) and |ongitude (w).

2. Voyager and tel escopic observations of the trailing hem sphere of Europa, wth
the nodel fits from Table Il (based on Figure 75 from Dom ngue et al., 1991).

3. Voyager and tel escopic observations of the leading and trailing hemni spheres
of Callisto, with the model fits from Table |l (Buratti, 1991).
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